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Notes and Comments

Chemical compositions of amphiboles in hematite-bearing
schists from the Saruta-gawa area
in the Sanbagawa belt, central Shikoku, Japan
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Abstract: Amphibole and other minerals in the hematite-bearing basic and quartz schists from
the Saruta-gawa area in the Sanbagawa belt, central Shikoku were analyzed by the electron
microprobe. The data presented comprise 221 analyses of amphibole, and 90 analyses of epidote,
chlorite, garnet, muscovite, albite, hematite, magnetite and stilpnomelane. All the minerals in this
study occur from the hematite-bearing schists in the albite-biotite zone of high metamorphic grade.
These chemical data were used in order to discuss the Sanbagawa retrograde metamorphism in the

Saruta-gawa area (Banno, 2000).

1. Introduction

The Sanbagawa belt is a regional coherent high-
P/T metamorphic belt that extends from east to west
for about 800 km in the Southwest Japan. The peak
metamorphic condition has been estimated in many
previous studies, and characteristics of the metamor-
phic field gradient were compiled by Banno and Sakai
(1989) and Enami et al. (1994).

The chemistry of amphibole in hematite-bearing
basic and quartz schists of the Sanbagawa belt can be
used as a sensitive indicator of metamorphic grade
(Otsuki and Banno, 1990; Enami et al,, 1994). Otsuki
and Banno (1990) studied the compositional zonation
of amphibole crystals in the hematite-bearing basic
schists in the Asemi-gawa area, central Shikoku, and
showed that the zoned amphibole exhibited decreas-
ing Al;O; contents towards the crystal margin and
was usually rimmed with actinolite. They proposed
the phase relation of the amphiboles associated with
chlorite, epidote, muscovite, albite, quartz and hema-
tite, and considered that the zonal structure indicates
the rapid pressure release during the early stage of
retrograde metamorphism. The amphibole in the
hematite-bearing basic schists from the Saruta-gawa
area located in 8 km north of the Asemi-gawa area
(Fig. 1), however, has usually a rim of retrograde sodic
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amphibole instead of actinolite (Hara et al, 1990), and
Banno (2000) showed that the Saruta-gawa samples
experienced retrograde metamorphism under higher
P/T condition than the Asemi-gawa samples. Thus,
the compositional trend of zoned amphiboles in hem-
atite-bearing schists is important for understanding
retrograde metamorphism, although, in the literature,
few analytical data on amphibole chemistry were
given due to editorial limitations. Therefore, in this
paper, (1) all the chemical data of the Saruta-gawa
amphiboles and (2) representative analyses of miner-
als associated with the amphibole, which were studied
in Banno (2000), are presented.

2. Sample numbers

Each sample has two sample numbers as shown in
Table 1. One is the original number (e.g., YB108),
which was presented in Banno (2000), and the other is
registration number of the petrological collection of
the Geological Museum, AIST, Tsukuba (e.g., GSJ
R76512). In this paper, only the original numbers are
given to simplify the description.

3. Abbreviations in the text

Abbreviations used in the text are as follows:

Keywords : chemical composition, amphibole, basic schist,
quartz schist, Sanbagawa belt, Saruta-gawa area
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Fig. 1 Metamorphic zones in the Sanbagawa metamorphic belt, central Shikoku (simplified from Higashino,
1990). Small rectangles marked with a and b indicate the locations of traverse maps shown in Fig. 2a and

b, respectively.

WAl=tetrahedral aluminum, "(Na+K)=sodium and
potassium in A sites, 'Na=sodium in M4 sites, ®'Ti=
octahedral titanium.

4. Outline of geology and mineral assemblages

The Saruta-gawa area is located in Iyo-Mishima
city, Ehime Prefecture in central Shikoku, and a part
of the Sazare area of Higashino et al. (1984). Traverse
maps and sample locations of the Saruta-gawa area
are shown in Fig. 2. The Sanbagawa schists generally
trend E-W and dip to the north. However, in the
Saruta-gawa area, local southward dips caused by
later folding are observed. The bed of this area strikes
roughly WNW and dips about 40° to 90° south. On the
basis of the mineral assemblages in pelitic schists, this
area is divided into three mineral zones, the chlorite,
the garnet and the albite-biotite zones in ascending
order of metamorphic grade (e.g., Higashino, 1990).
The analyzed samples were four basic schists and four
quartz schists and were all collected from the albite-
biotite zone (Fig. 2). Mineral assemblages of the sam-

ples are shown in Table 1. All the samples contain
chlorite, epidote, muscovite, albite, quartz and hema-
tite. Garnet was found exclusively in quartz schist.

5. Outline of mineral chemistry

The chemical characteristics of amphibole and
other minerals listed in Tables 2 to 10 are briefly
described in this chapter. Minerals in eight samples
were examined by a JEOL JXA-8800R electron-probe
microanalyzer at AIST. Accelerating voltage, speci-
men current and beam diameter were kept at 15kV,
12nA on a Faraday cup and 3 um, respectively. More
detailed descriptions were given in Banno (2000).

5.1 Amphibole

All the analyses of amphiboles are listed in Table 2.
The Fe®' /Fe?" of amphibole is calculated for assum-
ing 13 total cations exclusive of K, Na and Ca on the
basis of 23 O atoms. The nomenclature of amphibole
conforms to Leake et al (1997). Some sodic-calcic
amphiboles with Al contents higher than 0.5 per for-
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Fig. 2 Traverse maps and sample locations of the Saruta-gawa area.

mula unit (pfu) show " (Na+K)>0.5 pfu, and these are
magnesiokatophorites. All the sodic-calcic amphi-
boles containing Al >0.5 pfu are classified as barrois-
ite in this paper to simplify the mineral description.
Amphibole occurs as matrix minerals and inclu-
sions in the albite porphyroblasts. In this study, only
matrix amphiboles were analyzed. The amphiboles
possess Al-rich core and Al-poor mantle. Zoned crys-
tals of amphiboles were examined by line scanning
profiles from Al-rich core to Al-poor mantle. In Table
2, chemical data obtained from different spots in the
same amphibole crystal are arranged in a sequence
from core to rim. The Al-rich core has a barroisitic
composition. In the mantle part, ®'Na increases with
decreasing Al towards margin, which has a winchit-

e-magnesioriebeckite composition [cf. Fig. 3a and b in
Banno (2000)]. The barroisite-winchite-magnesiorie-
beckite composite crystal is sometimes rimmed with
actinolite and/or winchite with low ®'Na and WAl In
the mantle part of this zoning pattern, ®'Na increases
with decreasing "Al, then decreases towards the
margin [cf. Fig. 3c-e in Banno (2000)].

Compositional ranges of Al-rich cores and Al-poor
mantles are shown on an Al ?Na diagram (Fig. 3).
The barroisite core in basic schists is generally poorer
in ®®Na than in quartz schists. The ®'Na content of the
mantle in basic schists extends to lower values than in
quartz schists. The systematic difference in ®Na
between basic and quartz schists can be explained by
differences in oxygen fugacity between the two rock
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Fig. 3 Compositional ranges of Al-rich core and

Al-poor mantle in basic and quartz schists

from the Saruta-gawa area. Ba=barroisite, Sa=sodic amphibole, Wi=winchite, Act=

actinolite.
types (Banno, 2000).

5.2 Minerals other than amphibole

Representative analyses of epidote, chlorite, garnet,
muscovite, albite, hematite, magnetite and stilpnome-
lane are tabulated in Tables 3-10, respectively. Epi-
dote is commonly zoned with decreasing ferrian com-
ponent [Yrs+ =Fe?*" /(Fe?* + Al)] from core to rim (e.g.,
ST2204, YB35), although the zoning with reverse sense
is observed in YB108. The ranges of Yre+ of epidotes
in basic and quartz schists are 0.21-0.31 and 0.27-0.33,
respectively. Total iron was assumed to be Fe; Os.

Compositional ranges of Xsps (=spessartine compo-
nent) in garnet are generally 0.19-0.72, although
garnet in YB154 shows lower Xsps (0.13-0.20). Except
for YB154, garnet occurs as zoned crystals in which
Mn contents decrease from core (Xsps=0.55-0.72) to
rim (Xsps=0.19-0.43). Xgrs (=grossular component) in
garnet from YB159 increases outwards, and attains its
maximum of 0.20 at an intermediate position between
core and rim, and then decreases towards the outer-
most rim. The chemical data showing the highest Xcs
contents are marked with “inter” in Table 5. Mn in
garnet from YB154 decreases from the core (Xgps=0.20)
towards the rim (Xsps=0.13). The ferric iron contents
of garnet were calculated on the basis of (Al+Fe®") :
(Fe!"+Mn+Mg+Ca)=2: 3.

Muscovite is phengitic with a Si content of 3.20-3.35
pfu (O=11). The Na/(Na+K) ratio is 0.05-0.15. Fer-

rous iron content was estimated as Si+Ti - 3=Fe?" +
Mg-+Mn (O=11), assuming (Fe?", Mg, Mn) SiAl_,Al_,
and WAI®TiSi Al substitutions.

Hematite includes fine exsolution lamellae of il-
menite. Ti contents of the host hematite are less than
0.19pfu. In ST2204, hematite including the ilmenite
lamellae is rimmed with lamellae-free hematite. The
former has higher Ti contents (0.15-0.19 pfu) than the
latter (0.01-0.10 pfu). Fe?'/Fe?" ratio was calculated
assuming total cation=2 (O=3).

Magnetite occurs in YB108 and coexists with hema-
tite. It contains small amounts of SiO; (0.6-0.7 wt.%).
Fe?" /Fe?" ratio was calculated on the assumption of
total cation=3 for O=4.

Stilpnomelane occurs in YB35, and is relatively rich
in Mn (0.18-0.20 pfu). Formulae of stilpnomelane were
calculated assuming Si=8 with total iron as Fe?".

Albite shows low Ca/(Ca+Na) (<0.02). Mg/(Mg+
Fe?") values of chlorite ranges from 0.45-0.69.

Acknowledgements: The author is indebted to M.
Haruna for critical reading the manuscript and to M.
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script.

— 428 —



Chemical compositions of amphiboles from the Sanbagawa belt (BANNO)

References

Banno, S. and Sakai, C. (1989) Geology and meta-
morphic evolution of the Sanbagawa meta-
morphic belt, Japan. In: Daly, J.S., Cliff, R. A,
Yardley, B.W.D. eds., Evolution of Metamor-
phic Belts. Geol. Soc. London, Spec. Pub., no.
43, 519-532.

Banno, Y. (2000) Intermediate high-pressure ex-
humation of the northern segment of the
Sanbagawa belt, Saruta-gawa area, central
Shikoku, Japan. Lithos, 50, 289-303.

Enami, M., Wallis, S. R. and Banno, Y. (1994) Para-
genesis of sodic pyroxene-bearing quartz
schists: implications for P-T history of the
Sanbagawa belt. Contrib. Mineral. Petrol., 116,
182-198.

Hara, I, Shiota, T., Hide, K., Okamoto, K., Takeda,
K., Hayasaka, Y. and Sakurai, Y. (1990)
Nappe structure of the Sambagawa belt. /.
Metamorph. Geol., 8, 441-456.

Higashino, T. (1990) Metamorphic zones of the
Sambagawa metamorphic belt in central
Shikoku, Japan. Jour. Geol. Soc. Japan, 96, 703-
718. (in Japanese with English abstract)

Higashino, T. Sakai, C., Kurata, H., Enami, M,
Hosotani, H., Enami, Makiko and Banno, S.
(1984) Electron microprobe analyses of rock-
forming minerals from the Sanbagawa meta-
morphic rocks, Shikoku Part II. Sazare, Kotu
and Bessi areas. Sci. Rep. Kanazawa Univ., 29,
37-64.

Leake, B.E., Woolley, A.R., Arps, C.E.S., Birch, W.
D., Gilbert, M.C,, Grice, J.D., Hawthorne, F.C,,
Kato, A., Kisch, H.J., Krivovichev, V.G, Linth-
out, K., Laird, J., Mandarino, J., Maresch, W. V.,
Nickel, E.H., Rock, N.M.S., Schumacher, J.C,,
Smith, D.C., Stephenson, N.C.N., Ungaretti, L.,
Whittaker, E.J.W. and Youzhi, G. (1997) No-
menclature of amphiboles: Report of the Sub-
committee on Amphiboles of the Internation-
al Mineralogical Association, Commission on
New Minerals and Mineral Names. Eur. J. Min-
eral., 9, 623-651.

Otsuki, M. and Banno, S. (1990) Prograde and ret-
rograde metamorphism of hematite-bearing
basic schists in the Sanbagawa belt in central
Shikoku. J. Metamorph. Geol., 8, 425-439.

Received September 28, 2001
Accepted October 30, 2001

Abbreviations used in Tables 1-10 are as follows.

(Tables 1-10) BS=basic schist, QS=quartz schist.
(Tables 2 and 4) “Al=tetrahedral aluminum, “’Al=octahedral aluminum.

(Table 1) Grt=garnet, Amp=amphibole, Ep=epidote, Chl=chlorite, Ms=muscovite, Car =carbonate, Ttn=titanite, Rt=rutile,
Ab=albite, Qtz=quartz, Hem =hematite, Ap=apatite, Mag=magnetite, Tur=tourmaline, [lm =ilmenite, Stp =stilpnomelane.
(Table 2) Ba=barroisite, Wi=winchite, Mrb=magnesioriebeckite, Gln=glaucophane, Act=actinolite, ¥’ Na=sodium in M4
sites, "'Na=sodium in A sites, Xyz,=Mg/(Mg+Fe?"), Xpa+=Fe’"/(Fe’" +Al), *=total iron as FeO, #=the highest ®Na

position in the mantle, n.d.=not determined.

(Table 3) Ype+=Fe®"/(Fe*" + Al), *=total iron as Fe,Os.

(Table 4) Xy,=Mg/(Mg+Fe’").

(Table 5) inter=intermediate position, showing the highest grossular component, between core and rim, *=total iron as FeO.
(Table 6) Xyx.=Na/(Na-+K), *=total iron as FeO.

(Table 7) Xc,=Ca/(Ca+Na).

(Table 8) *=total iron as FeO, #=1amellae-free hematite rim.

(Table 9) *=total iron as FeO.

(

Table 10) Xy,=Mg/(Mg+Fe*").
Table 1 Mineral assemblages of hematite-bearing schists in the albite-biotite zone from the Saruta-gawa area.
Sample No.

Original No. Registration No. Type Grt Amp Ep Chl Ms Car Ttn Rt Ab Qtz Hem Ap Other minerals
YB108 GSJR76512 BS + + + + + + + + + + Mag
YB120 GSJR76513 Qas + + + + + + 4+ + +
ST2204 GSJR76514 BS + + + + + + + +
YB154 GSJR76515 Qs + + + + + + 4+ + + Tur
YB155 GSJR76516 Qs + + + + + + + + +
YB159 GSJ R76517 Qs + + + + + + + 4+ + Tur
YB35 GSJR76518 BS + + + + + + + + + lim Stp
YB46 GSJ R76519 BS + + + + 4+ + + 4+ + + Tur
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Chemical compositions of amphiboles from the Sanbagawa belt (BANNO)
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Chemical compositions of amphiboles from the Sanbagawa belt (BANNO)
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Chemical compositions of amphiboles from the Sanbagawa belt (BANNO)
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Table 3 Chemical compositions of epidote.

Sample No. YB108 YB108 YB120 YB120 ST2204 ST2204 YB154 YB155 YB159 YB159 VYB35 VYB35 YB46 YB46
Rock type BS BS Qs Qs BS BS Qs Qs Qs Qs BS BS BS BS
Grain No. 7 7 2 2 7.1 71 16 25 34,1 34,2 2 2 111 16
Point No. 33 36 21 16 53 56 60 10 137 136 37 41 18 80
core rim core rim core rim
SiO, 38.4 37.5 37.3 37.6 37.2 38.2 37.2 37.1 37.5 37.3 37.2 37.6 37.1 38.1
TiO, 0.04 0.10 0.05 0.01 0.07 0.09 0.06 0.08 0.16 0.05 0.08 0.08 0.12 0.08
Al,Oq 25.7 22.6 23.1 22.4 22.6 23.7 21.2 22.5 21.6 21.5 22.4 23.8 22.3 24.0
Cr,0,4 0.02 0.00 0.00 0.00 0.00 0.00 0.07 0.03 0.00 0.05 0.02 0.02 0.00 0.01
Fe,Os* 10.4 13.6 13.1 14.1 156.2 13.8 16.0 12.8 14.6 14.8 15.0 13.2 15.0 12.7
MnO 021 030 0.83 070 049 0149 059 119 079 067 078 034 012 0.05
MgO 0.02 0.01 0.06 0.03 0.02 0.07 0.01 0.07 0.03 0.00 0.00 0.09 0.02 0.00
CaO 23.6 22.6 22.2 21.2 22.9 23.6 22.0 22.0 225 22.7 22.2 22.9 23.2 23.6
Na,O 0.01 0.01 0.01 0.04 0.00 0.01 0.00 0.00 0.00 0.04 0.02 0.00 0.00 0.05
K,O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.01 0.00
Total 98.4 96.7 96.7 96.1 98.5 99.2 97.1 95.8 97.2 97.1 97.7 98.0 97.9 98.6
Atomic ratios (O=12.5)
Si 3.008 3.026 3.010 3.049 2.969 3.002 3.016 3.026 3.030 3.021 2.989 2.988 2.978 3.006
Ti 0.002 0.006 0.003 0.001 0.004 0.005 0.004 0.005 0.010 0.003 0.005 0.005 0.007 0.005
Al 2.373 2.149 2.197 2.141 2.126 2.195 2.025 2.163 2.057 2.052 2.122 2.229 2.110 2.232
Cr 0.001 0.000 0.000 0.000 0.000 0.000 0.004 0.002 0.000 0.003 0.001 0.001 0.000 0.001
Fe®* 0.613 0.823 0.796 0.861 0.914 0.789 0.976 0.784 0.885 0.901 0.907 0.791 0.906 0.752
Mn 0.014 0.021 0.057 0.048 0.033 0.013 0.041 0.082 0.054 0.046 0.053 0.023 0.008 0.0083
Mg 0.002 0.001 0.007 0.004 0.002 0.008 0.001 0.009 0.004 0.000 0.000 0.011 0.002 0.000
Ca 1.981 1.954 1.919 1.842 1.958 1.987 1.911 1.923 1.948 1.970 1.911 1.950 1.995 1.995
Na 0.002 0.002 0.002 0.006 0.000 0.002 0.000 0.000 0.000 0.006 0.003 0.000 0.000 0.008
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.001 0.000
Total 7.997 7.982 7.991 7.952 8.007 8.001 7.978 7.994 7.991 8.001 7.992 7.997 8.008 8.001
YFe®* 0.205 0.277 0.266 0.287 0.301 0.264 0.325 0.266 0.301 0.305 0.300 0.262 0.300 0.252
Table 4 Chemical compositions of chlorite.
sampleNo. YB108 YB108 YB120 YB120 ST2204 ST2204 ST2204 YB154 YB154 YB155 YB159 YB35 YB46 YB46
Rock type  BS BS Qs as BS BS BS Qas Qs Qs Qs BS BS BS
Grain No. 7,1 7,2 5 1 11 16 17 12 13 29 31 3,1 11 16
Point No. 42 45 108 129 86 92 93 84 112 79 129 55 10 78
Sio, 26.2 26.4 27.4 27.4 26.6 26.5 26.3 26.2 26.9 28.0 26.6 25.9 27.2 278
TiO, 0.02 0.02 0.03 0.02 0.02 0.06 0.15 0.10 0.08 0.00 0.03 0.02 0.08 0.00
Al,O, 18.6 18.7 19.6 19.6 18.7 19.1 18.7 19.0 19.0 18.8 18.8 18.5 19.4 19.2
Cr, 04 0.00 0.00 0.03 0.04 0.04 0.04 0.00 0.00 0.00 0.01 0.05 0.02 0.00 0.00
FeO 23.2 24.5 17.6 18.4 24.2 22.4 24.3 23.2 24.0 16.8 21.9 28.7 19.5 17.9
MnO 0.45 0.45 0.77 0.99 0.45 0.42 0.58 0.41 0.51 0.99 1.04 0.40 0.26 0.26
MgO 16.8 16.2 20.1 20.1 16.5 17.4 16.5 16.8 16.3 21.4 17.3 13.2 19.6 20.1
CaO 0.04 0.03 0.08 0.00 0.09 0.07 0.08 0.02 0.01 0.04 0.04 0.03 0.01 0.02
Na,O 0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.00 0.00 0.03 0.03 0.00 0.00 0.00
K20 0.00 0.01 0.01 0.00 0.02 0.00 0.01 0.01 0.00 0.00 0.00 0.02 0.00 0.00
Total 85.3 86.3 85.6 86.6 86.6 86.0 86.6 85.7 86.8 86.1 85.8 86.8 86.1 85.3
Atomic ratios (O=14)
Si 2.818 2.822 2.843 2.826 2.828 2.810 2.802 2.801 2.846 2.880 2.830 2.819 2.830 2.889
Blp 1.182 1.178 1.157 1.174 1172 1.190 1.198 1.199 1.154 1.120 1.170 1.181 1170 1t1.111
®la 1.176 1179 1.241 1.209 1.172 1.198 1.150 1.195 1.215 1.159 1.187 1.192 1.208 1.241
Ti 0.002 0.002 0.002 0.002 0.002 0.005 0.012 0.008 0.006 0.000 0.002 0.002 0.006 0.000
Cr 0.000 0.000 0.002 0.003 0.003 0.003 0.000 0.000 0.000 0.001 0.004 0.002 0.000 0.000
Fe?* 2.087 2.191 1.527 1.587 2.152 1.987 2.165 2.074 2.124 1.445 1.948 2.612 1.697 1.556
Mn 0.041 0.041 0.068 0.086 0.041 0.038 0.052 0.037 0.046 0.086 0.094 0.037 0.023 0.023
Mg 2.693 2.582 3.110 3.091 2.616 2.751 2.621 2.677 2.571 3.281 2.744 2.142 3.040 3.114
Ca 0.005 0.003 0.003 0.000 0.010 0.008 0.009 0.002 0.001 0.004 0.005 0.003 0.001 0.002
Na 0.000 0.000 0.000 0.002 0.000 0.000 0.004 0.000 0.000 0.006 0.006 0.000 0.000 0.000
K 0.000 0.001 0.001 0.000 0.003 0.000 0.001 0.001 0.000 0.000 0.000 0.003 0.000 0.000
Total 10.002 9.998 9.955 9.980 9.998 9.989 10.015 9.995 9.963 9.983 9.990 9.9983 9.975 9.985
XMg 0.563 0.541 0.671 0.661 0.549 0.581 0.548 0.563 0.548 0.694 0.585 0.451 0.642 0.667
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Table 5 Chemical compositions of garnet.

sample No. YB120 YB120 YB120 YB120 YB120 YB120 YB120 YB120 YB154 YB154 YB154 YB154 YB154 YB154
Rocktype QS Qs Qs Qs Qs Qs Qs Qs Qs Qs Qs Qs Qs Qs
Grain No. 7 7 4 4 X X 2 2 14 14 14 14 14 14
Point No. 5 2 146 142 161 153 166 164 13 2 58 53 64 60
core rim core rim core rim core rim core rim core rim core rim
SiO, 36.5 37.3 36.4 37.3 36.7 37.0 36.9 37.3 37.4 37.4 37.3 37.6 37.7 37.1
TiO, 0.11 0.04 0.16 0.14 0.19 0.10 0.11 0.10 0.09 0.01 0.12 0.07 0.08 0.05
Al,O4 19.8 20.9 19.8 20.8 19.6 20.7 20.0 20.6 20.9 213 20.6 211 20.8 20.5
Cr,04 0.00 0.04 0.00 0.01 0.00 0.00 0.00 0.01 0.03 0.02 0.01 0.01 0.05 0.01
FeO* 12.8 18.2 13.7 18.7 12.3 1741 13.9 17.2 26.5 27.9 26.1 271 27.4 27.9
MnO 22.9 15.0 22.8 14.7 24 .4 17.0 24.6 16.5 8.06 5.96 7.94 6.45 6.57 5.51
MgO 0.72 1.81 0.67 1.85 0.42 1.30 0.84 1.35 1.37 2.21 1.27 2.20 1.63 1.99
CaOo 5.64 6.08 5.52 6.63 6.42 6.67 4.43 6.98 5.95 5.83 6.90 6.05 6.61 6.18
Total 98.5 99.4 99.1 100.1 100.0 99.9 100.8 100.0 100.3 100.6 100.2 100.6 100.8 99.2
Fe, 04 1.18 0.10 1.42 0.63 2.02 0.63 1.65 0.76 0.24 0.14 0.76 0.31 0.65 0.72
FeO 11.7 18.1 12.4 18.1 10.5 16.5 12.4 16.5 26.3 27.8 25.4 26.8 26.8 27.3
New total 98.6 99.4 99.2 100.2 100.3 99.9 100.9 100.1 100.3 100.7 100.3 100.6 100.9 99.4
Atomic ratios (O=12)
Si 3.004 3.007 2.986 2.988 2.985 2.985 2.984 2.998 3.004 2,983 2997 2.996 3.004 3.000
Ti 0.007 0.002 0.010 0.008 0.012 0.006 0.007 0.006 0.005 0.001 0.007 0.004 0.005 0.003
Al 1.920 1.986 1.915 1.964 1.879 1.968 1.906 1.951 1.978 2.002 1.951 1.981 1.954 1.954
Cr 0.000 0.003 0.000 0.001 0.000 0.000 0.000 0.001 0.002 0.001 0.001 0.001 0.003 0.001
Fe®* 0.073 0.006 0.088 0.038 0.124 0.038 0.100 0.046 0.015 0.009 0.046 0.019 0.039 0.044
Fe?* 0.808 1.221 0.852 1.215 0.713 1.115 0.840 1.110 1.765 1.852 1.708 1.787 1.787 1.843
Mn 1,506 1.024 1.584 0.998 1.681 1.161 1.685 1.123 0.548 0.403 0.540 0.435 0.443 0.377
Mg 0.088 0.218 0.082 0.221 0.051 0.156 0.101 0.162 0.164 0.263 0.152 0.261 0.194 0.240
Ca 0.497 0.525 0.485 0.569 0.559 0.576 0.384 0.601 0.512 0.498 0.594 0.516 0.564 0.535
Total 7.993 7.993 8.002 8.002 8.003 8.006 8.006 7.997 7.993 8.011 7.997 8.000 7.993 7.998
Table 5 Chemical compositions of garnet (continued).
sample No. YB154 YB154 YB155 YB155 YB155 YB155 YB159 YB159 YB159 YB159 YB159 YB159
Rock type QS Qs Qs Qs Qs Qs Qs Qs Qs Qs Qs Qs
Grain No. 14 14 31 31 31 31 35 35 35 31 31 31
Point No. 74 67 21 17 26 23 34 31 30 47 40 38
core rim core rim core rim core inter rim core inter rim
SiO, 375 373 374 375 369 379 369 376 374 367 374 371
TiO, 0.10 0.05 0.08 0.07 0.09 006 0.18 0.07 0.05 0.11 0.05 0.04
Al Oy 208 210 210 210 206 210 203 208 209 205 206 208
Cr,04 0.00 0.00 0.00 0.03  0.01 0.00 0.01 0.00 0.05 0.00 0.00 0.02
FeO* 26.1 27.2 12.7 141 12.3 13.6 9.16 23.8 26.9 7.60 21.9 26.7
MnO 8.67 6.16 23.0 18.7 216 189 282 103 8.52 30.0 11.9 8.41
MgO 1.17 2.58 2.31 2.71 2.06 2.70 0.81 1.35 2.01 0.65 1.31 2.04
CaO 6.37 5.35 4.01 5.55 4.80 6.10 4.77 6.81 4.71 4.75 6.75 3.71
Total 100.7 99.6 100.5 99.7 98.4 100.8 100.3 100.7 100.5 100.3 99.9 98.8
Fe, O 0.51 0.22 0.38 0.26 0.20 0.43 1.05 0.62 0.43 0.84 0.62 0.00
FeO 25.6 27.0 12.4 13.9 12.1 13.2 8.21 28.2 26.5 6.84 21.3 26.7
New total 100.7 99.7 100.6 99.7 984 100.3 100.4 100.8 100.6 100.4 999 98.8
Atomic ratios (O=12)
Si 3.003 2.995 2.991 3.000 3.007 3.009 2.987 3.003 2.996 2.977 3.010 3.018
Ti 0.006 0.003 0.005 0.004 0.006 0.004 0.011 0.004 0.003 0.007 0.003 0.002
Al 1963 1.988 1.980 1.980 1.979 1.965 1.937 1.958 1.973 1.960 1.954 1.994
Cr 0.000 0.000 0.000 0.002 0.001 0.000 0.001 0.000 0.003 0.000 0.000 0.001
Fe®* 0.031 0.013 0.023 0.016 0.012 0.026 0.064 0.037 0.026 0.051 0.037 0.000
Fe?* 1.717 1.813 0.827 0.928 0.826 0.877 0.556 1.552 1.776 0.464 1.437 1.816
Mn 0.588 0.419 1.558 1.267 1.491 1.271 1.934 0.697 0.578 2.061 0.811 0.579
Mg 0.140 0.309 0.275 0.323 0.250 0.320 0.098 0.161 0.240 0.079 0.157 0.247
Ca 0.547 0.460 0.344 0.476 0.419 0519 0.414 0.583 0.404 0.413 0.582 0.328
Total 7.994 8.001 8.003 7.996 7.991 7.991 8.001 7.995 8.000 8.011 7.991 7.982
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Table 6 Chemical compositions of muscovite.

sampleNo. YB108 YB108 YB120 YB120 ST2204 ST2204 ST2204 YB154 YB155 YB159 YB159 YB159 VYB35 YB46
Rock type BS BS Qs Qs BS BS BS Qs Qs Qs Qs Qs BS BS
Grain No. 8 8 6,1 6,2 17,1 17,2 11 17 25 20,1 20,2 25 2 12
Point No. 46 47 262 270 95 100 104 57 11 64 65 91 34 17
SiO, 47.7 49.0 48.9 47.9 48.0 47.9 47.8 47.7 47.6 49.2 48.7 48 .4 47.8 49.0
TiO, 0.52 0.36 0.39 0.37 0.49 0.62 0.56 0.37 0.46 0.26 0.47 0.30 0.58 0.57
Al,O, 27.2 26.8 26.8 28.6 26.6 26.6 271 27.2 28.0 27.3 26.6 26.8 27 1 26.2
Cry04 0.00 0.03 0.02 0.00 0.02 0.038 0.05 0.02 0.00 0.00 0.00 0.00 0.00 0.00
FeO* 4.86 4.46 4.17 4.37 5.05 5.40 5.67 4.26 4.06 4.38 5.37 5.33 4.94 5.25
MnO 0.00 0.04 0.00 0.01 0.04 0.02 0.03 0.08 0.01 0.02 0.00 0.01 0.00 0.02
MgO 2.68 2.89 2.69 2.48 2.74 2.41 2.50 0.77 2.28 3.08 2.99 2.98 2.46 2.91
CaO 0.02 0.00 0.02 0.03 0.05 0.01 0.02 0.02 0.00 0.02 0.02 0.02 0.01 0.01
Na,O 0.76 0.70 1.03 1.12 0.50 0.59 0.60 0.88 1.16 0.76 0.52 0.74 1.00 0.52
K,O 111 11.4 10.9 101 11.7 11.2 11.4 10.7 10.5 10.6 111 10.4 10.7 11.4
Total 94.8 95.7 94.9 95.0 95.2 94.8 95.7 92.0 94.1 95.6 95.8 95.0 945 95.9
Atomic ratios (O=11)
Si 3.235 3.293 3.308 3.219 3.254 3.261 3.223 3.352 3.243 3.286 3.268 3.263 3.250 3.293
Ti 0.027 0.018 0.020 0.019 0.025 0.032 0.028 0.020 0.024 0.013 0.024 0.015 0.027 0.029
Al 2.174 2.122 2.137 2.265 2.126 2.135 2.153 2.253 2.248 2.149 2.104 2.130 2.172 2.075
Cr 0.000 0.002 0.001 0.000 0.001 0.002 0.003 0.001 0.000 0.000 0.000 0.000 0.000 0.000
Fe®* 0.276 0.232 0.179 0.246 0.286 0.260 0.320 0.000 0.197 0.245 0.301 0.301 0.253 0.266
Fe** 0.000 0.019 0.057 0.000 0.000 0.047 0.000 0.250 0.034 0.000 0.000 0.000 0.028 0.029
Mn 0.000 0.002 0.000 0.001 0.002 0.001 0.002 0.005 0.001 0.001 0.000 0.001 0.000 0.001
Mg 0.271 0.290 0.271 0.248 0.277 0.245 0.251 0.081 0.232 0.307 0.299 0.300 0.249 0.292
Ca 0.001 0.000 0.001 0.002 0.004 0.001 0.001 0.002 0.000 0.001 0.001 0.001 0.001 0.001
Na 0.100 0.091 0.135 0.146 0.066 0.078 0.078 0.120 0.153 0.098 0.068 0.097 0.132 0.068
K 0.960 0.977 0.941 0.866 1.012 0.973 0.981 0.959 0.913 0.903 0.950 0.895 0.928 0.977
Total 7.044 7.046 7.051 7.012 7.053 7.034 7.040 7.041 7.044 7.004 7.015 7.002 7.040 7.080
XNa 0.094 0.085 0.126 0.144 0.061 0.074 0.074 0.111 0.144 0.098 0.066 0.098 0.124 0.065
Table 7 Chemical compositions of albite.

sampleNo. YB108 YB120 YB120 ST2204 YB154 YB155 YB159 YB35 YB35 YB46

Rock type BS Qs Qs BS Qs Qs Qs BS BS BS

Grain No. 5 8 10 15 23 29 25 4 3 18

Point No. 40 98 142 84 1 78 86 1 54 101

SiO, 69.0 70.1 70.0 69.2 69.7 68.2 68.8 69.6 69.5 69.7

TiO, 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00

Al,O, 19.4 19.6 19.7 19.5 19.5 19.1 19.8 19.7 19.6 20.0

Cr,05 0.00 0.04 0.00 0.01 0.00 0.03 0.00 0.00 0.00 0.00

FeO 0.05 0.00 0.00 0.07 0.10 0.07 0.15 0.04 0.10 0.03

MnO 0.04 0.00 0.04 0.00 0.01 0.04 0.02 0.02 0.04 0.01

MgO 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00

Ca0 0.138 0.11 0.18 0.31 0.18 0.23 0.09 0.12 0.15 0.13

Na,O 11.7 11.9 11.9 11.6 11.8 11.6 11.6 113 11.8 12.1

KO 0.04 0.03 0.01 0.04 0.03 0.01 0.03 0.06 0.06 0.02

Total 100.4 101.8 101.8 100.7 101.3 99.3 100.5 100.8 101.3 102.0

Atomic ratios (O=8)

Si 3.002 3.005 3.001 3.000 3.004 3.001 2.990 3.006 2.998 2.987

Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000

Al 0.995 0.990 0.995 0.996 0.991 0.991 1.014 1.003 0.996 1.010

Cr 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000

Fe?* 0.002 0.000 0.000 0.003 0.004 0.003 0.005 0.001 0.004 0.001

Mn 0.001 0.000 0.001 0.000 0.000 0.001 0.001 0.001 0.001 0.000

Mg 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.000

Ca 0.006 0.005 0.008 0.014 0.008 0.011 0.004 0.006 0.007 0.006

Na 0.987 0.989 0.989 0.975 0.986 0.990 0.977 0.946 0.987 1.005

K 0.002 0.002 0.001 0.002 0.002 0.001 0.002 0.003 0.003 0.001

Total 4995 4.994 4996 4.991 4.995 4.998 4.993 4.967 4.998 5.011

XCa 0.006 0.005 0.008 0.015 0.008 0.011 0.004 0.006 0.007 0.006
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Table 8 Chemical compositions of hematite.

sample No. YB108 YB108 YB120

ST2204 ST2204 ST2204 ST2204 ST2204

Rocktype  BS BS Qs BS BS BS BS BS
Grain No. 5 4 4 7 7 7 8 8
Point No. 30 52 25 74 77 65# 72 714
SiO, 0.28 0.91 0.34 003 0.04 035 025 0.21
TiO, 0.03 0.08 474 7.62 9.01 228 938 272
Al,O4 0.27 091 0.23 0.05 0.00 0.07 0.07 0.01
Cr,04 0.00 0.02 0.00 0.06 0.05 0.00 0.09 0.03
FeO* 89.1 86.4 853 842 825 873 819 874
MnO 0.00 0.01 0.05 0.01 0.00 0.00 0.06 0.00
MgO 0.13 0.34 0.02 0.00 0.01 0.02 0.06 0.06
CaO 0.04 0.13 009 0.02 0.06 022 0.18 0.16
Total 899 888 908 920 91.7 90.2 920 90.6
Fe,0, 989 956 898 86.0 827 946 818 945
FeO 0.08 0.38 4.47 6.85 8.06 2.15 8.34 239
Newtotal 99.7 98.4 997 1006 999 99.7 100.2 100.1
Atomic ratios (O=3)
Si 0.007 0.024 0.009 0.001 0.001 0.009 0.007 0.006
Ti 0.001 0.002 0.094 0.150 0.178 0.045 0.185 0.054
Al 0.008 0.029 0.007 0.002 0.000 0.002 0.002 0.000
Cr 0.000 0.000 0.000 0.001 0.001 0.000 0.002 0.001
Fe®* 1.975 1919 1.786 1.695 1.640 1.888 1.613 1.880
Fe?* 0.002 0.008 0.099 0.150 0.177 0.048 0.183 0.053
Mn 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000
Mg 0.005 0.014 0.001 0.000 0.000 0.001 0.002 0.002
Ca 0.001 0.004 0.003 0.001 0.002 0.006 0.005 0.005
Total 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000
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Table 9

Chemical com-
positions of magnetite.

Sample No. YB108 YB108

Rock type BS BS
Grain No. 5 5
Point No. 27 28
SiO, 0.67 0.62
TiO, 0.01 0.02
Al,O, 0.10 0.08
Cr,04 0.00 0.03
FeO* 92.8 92,5
MnO 0.00 0.01
MgO 0.01 0.05
CaO 0.04 0.02
Total 93.6 933
Fe,0, 67.6 675
FeO 320 31.8
New total 100.4 100.1
Atomic ratios (O=4)
Si 0.026 0.024
Ti 0.000 0.001
Al 0.005 0.004
Cr 0.000 0.001
Fe**  1.944 1.947
Fe**  1.024 1.020
Mn 0.000 0.000
Mg 0.001 0.003
Ca 0.002 0.001
Total 3.000 3.000

Table 10 Chemical com-
positions of stilpnome-

lane.
sample No. YB35 YB35
Rock type BS BS
Grain No. 2 2
Point No. 35 36
SO, 479 472
TiO, 0.00 0.01
Al,O, 6.01 6.01
Cr,04 0.04 0.00
FeO 27.1 26.9
MnO 1.25 1.39
MgO 7.28  7.01
Ca0 0.52 0.56
Na,O 0.15  0.10
K,O 0.52 0.51
Total 90.8 89.7
Atomic ratios (Si=8)
Si 8.000 8.000
Ti 0.000 0.001
Al 1.183 1.201
Cr 0.005 0.000
Fe**  3.785 3.813
Mn 0.177 0.200
Mg 1.813 1.771
Ca 0.093 0.102
Na 0.049 0.033
K 0.111 0.110
Total 15.215 15.230
XMg 0.324 0.317
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